Formation mechanism of extension fractures induced by excavation of a gallery in soft sedimentary rock, Horonobe area, Northern Japan  by Tokiwa, Tetsuya et al.
Geoscience Frontiers 4 (2013) 105e111Contents lists available at SciVerse ScienceDirect
China University of Geosciences (Beijing)
Geoscience Frontiers
journal homepage: www.elsevier .com/locate/gsfResearch paper
Formation mechanism of extension fractures induced by excavation of a gallery in
soft sedimentary rock, Horonobe area, Northern Japan
Tetsuya Tokiwa a,*, Kimikazu Tsusaka a, Makoto Matsubara b, Taiki Ishikawa c, Daisuke Ogawa b
aHoronobe Underground Research Unit, Japan Atomic Energy Agency, Hokkaido 098-3224, Japan
bGeoscience Research Laboratory, Kanagawa 242-0014, Japan
cMitsubishi Materials Techno Corporation, Tokyo 102-8205, Japana r t i c l e i n f o
Article history:
Received 20 January 2012
Received in revised form
25 April 2012
Accepted 6 May 2012
Available online 18 May 2012
Keywords:
Fracture
Excavation damaged zone (EDZ)
Weak plane
Soft rock
Excavation* Corresponding author. Tel.: þ81 163252022; fax: þ
E-mail address: tokiwa.tetsuya@jaea.go.jp (T. Tokiwa).
Peer-review under responsibility of China University
Production and hosting by El
1674-9871/$ e see front matter  2012, China Univer
http://dx.doi.org/10.1016/j.gsf.2012.05.003a b s t r a c t
This paper focuses on the formation mechanism of fractures induced by excavation of a gallery in soft
sedimentary rocks in the Horonobe area of Japan. Detailed fracture mapping of the gallery indicates that
the fractures consist of both pre-existing shear fractures and excavation damaged zone (EDZ) fractures.
EDZ fractures correspond to weak planes associated with bedding planes or transgranular cracks. The
EDZ fractures terminate against pre-existing shear fractures. Therefore, even for excavations in soft
sedimentary rocks, formation of the EDZ fractures are controlled by pre-existing fractures and earlier
weak planes.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
An understanding of ground water ﬂow paths and rock mass
behavior is important for the development and improvement of
technology and engineering related to the construction of deep
underground facilities, such as those proposed for radioactive
waste disposal, or used for power plants and petroleum reservoirs
(e.g., Japan Nuclear Cycle Development Institute, 2000; Maejima
et al., 2007). The ﬂow paths and rock mass behavior are
controlled by fractures, and therefore an understanding of the
fracture properties is imperative for the safe implementation of
underground facilities.
During the construction of an underground facility, the host rock
properties such as geomechanical and hydro-geological properties81 163252344.
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sity of Geosciences (Beijing) and Paround the underground openings are expected to be considerably
altered. Due to stress redistribution during excavation and subse-
quent rock convergence, newly created fractures (consisting mainly
of unloading joints) are expected to form (Bossart et al., 2002;
Tsang et al., 2005). This zone is called an excavation damaged zone
(EDZ), and the newly created fracture induced by excavation is
named EDZ fracture (Bossart et al., 2004; Tsang et al., 2005). The
EDZ fractures exercise a decisive inﬂuence not only on the rock
mass behavior but also on the permeability around the under-
ground openings (Bossart et al., 2004; Levasseur et al., 2010). Thus,
it is essential to understand formation mechanisms and relations of
both the pre-existing and the EDZ fractures.
It has been reported that bedding planes are clearly preferred as
weak planes utilized in the formation of EDZ fractures (Bossart
et al., 2002; Gibert et al., 2006). In addition, surface geological
surveys indicated that fractures are controlled by potential joints
(Vollbrecht et al., 1991; Takemura et al., 2003). The potential joints
have a high correlationwithmicrocracks and the stress ﬁeld history
(Vollbrecht et al., 1991). Thus, these planes of weakness have
a perceptible inﬂuence on the formation of EDZ fractures induced
by excavation. However, the studies mentioned above were carried
out on hard rock such as crystalline rocks and old, well indurated
sedimentary rocks (e.g., Bossart et al., 2002; Gibert et al., 2006).eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Location map (a), geological map (b), and geological cross-section (c) of the Horonobe area, showing the location of the Horonobe URL and the boreholes. Plate boundaries
and directions of plate movement in the location map are from Wei and Seno (1998). The geological map and cross-section are modiﬁed from Ishii et al. (2008).
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strength is between several MPa and 25 MPa.
The Japan Atomic Energy Agency (JAEA) has initiated the Hor-
onobe Underground Research Laboratory Project in order to
understand the characteristics of the geological environment
relevant to the disposal of high-level radioactive waste (HLW) in
Japan. In the Horonobe area, boreholes HDB-1 to HDB-11, and PB-
V01 were drilled. Underground facilities (ventilation and access
shafts) have been excavated in soft sedimentary bedrock since
2006. Although rock mass deformation induced by shaft excavation
was reported in recent years (Tokiwa et al., 2011), little is known
about the fracture formation mechanism induced by excavation in
soft sedimentary rocks. In addition, gallery ﬂoor is an important
candidate for construction of HLW disposal pit (Japan Nuclear Cycle
Development Institute, 2000). Therefore, we investigated the
fracture formationmechanism induced by excavation at the ﬂoor of
a gallery (named Pumping Drift) located in the soft sedimentary
rocks.2. Geological setting
The Horonobe area is located on the eastern margin of
a Neogene to Quaternary sedimentary basin in northwest Hok-
kaido, where an active foreland fold-thrust belt developed within
the Quaternary near the boundary between the Okhotsk and
Amurian Plates (Yamamoto, 1979; Wei and Seno, 1998; Ikeda,
2002). The sediments in the basin consist of (from old to young)
theWakkanai Formation (siliceous mudstones with opal-CT), to the
Koetoi Formation (diatomaceous mudstones with opal-A), to the
Yuchi Formation (ﬁne- to medium-grained sandstones), and the
Sarabetsuo Formation (alternating beds of conglomerate, sand-
stone and mudstone, intercalated with coal seams), all overlain by
Late Pleistocene to Holocene deposits (Fig. 1). In the Horonobe area,
an NNW-SSE striking map-scale fault (Omagari Fault) is generally
subparallel to major fold hinges in the area. The Omagari Fault
possesses an E-W step-over at the surface that possibly converges
at depth (Ishii et al., 2006).
Figure 2. Thin section photomicrographs showing fossil diatoms (a) and bedding (b)
under the plane polarized light.
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located on the west side of the Omagari Fault (Fig. 1). The ventila-
tion and access shafts have been excavated through unconsolidated
sediment from surface to 20 m depth and from 20 to 250 m depth
through soft sedimentary rocks mainly consisting of the Koetoi
Formation. The Koetoi Formation is bedded including many fossil
diatoms (Fig. 2). The rock of Koetoi Formation generally has
a uniaxial compressive strength of less than 5 MPa, and is catego-
rized as soft rock (Sanada et al., 2008). The mineralogy and rock
property are given in Table 1. Horizontal galleries have been exca-
vated at 140 and 250 m depths, respectively. The studied Pumping
Drift is located at the depth of 250 m (Fig. 3). The drift was exca-
vated using an excavator equipped with a hydraulic hammer and
backhoe bucket (Fig. 4a). The drift is horseshoe shaped 4m inwidth
and 3.5m in height and oriented in ENE direction (Fig. 4b). The total
length is approximately 16 m. Steel arch ribs with H-section and
150mm thick shotcrete were installed in every 1m round. After theTable 1
Mineralogy and rock property data of the Koetoi Formation (after Mazurek and
Eggenberger, 2005; Ota et al., 2007; Hiraga and Ishii, 2008).
Mineralogy
Silica (Opal-A) 40e45 (wt. %)
Clay 17e25 (wt. %)
Quartz 7e10 (wt. %)
Feldspar 5e10 (wt. %)
Rock property
Unit weight 14e16 (kN/m3)
Total porosity 60e70 (%)
Uniaxial compressive strength 2e5 (MPa)
Young’s modulus <2000 (MPa)
Poisson’s ratio 0.10e0.20 (e)excavation, the detailed fracture mapping on the gallery ﬂoor was
carried out for deciphering the fracture formation mechanism
induced by excavation of a gallery in soft sedimentary rocks.
3. Fracture system
Fractures on the ﬂoor of the Pumping Drift consist of both shear
and extension fractures (Figs. 5 and 6). Bedding planes strike NW-
SE to N-S and dip moderately westward (Fig. 7a). Slickenlines are
recognized on the shear fractures (Fig. 6a, b). The shear fractures
generally strike E-W, and dip steeply north or south (Fig. 7b). The
length of these shear fractures is usually less than several meters.
From the fracture mapping (Fig. 5), NE-SW striking shear fractures
are also recognized, albeit less commonly. However, it is clear that
their length is longer than that of E-W striking shear fractures. The
E-W shear fractures show sinistral shear sense while the NE-SW
shear fractures show dextral sense (Fig. 7c). The E-W shear frac-
tures are mainly cut by longer NE-SW shear fractures, and the
amount of displacement is less than several cm (Fig. 6c, d). In order
to determine the stress ﬁeld that led to the formation of the shear
fractures including the E-W shear fractures and the NE-SW shearFigure 3. Layout of the Horonobe URL development by the end of ﬁscal 2010 (March
31, 2011).
Figure 4. Photographs of the Pumping Drift during excavation (a) and after excavation
(b).
Figure 5. Photograph (a) and fracture mapping (b) of t
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the Multiple Inverse Method Ver. 5.01 (Yamaji, 2000; Otsubo and
Yamaji, 2006). The results indicate that the calculated stress is
well concentrated (Fig. 8). The axes of the calculated major prin-
cipal stress (s1) are nearly horizontal, and are oriented ENE-WSW.
The minimum principal stresses (s3) are sub-vertical direction or
horizontally NNW-SSE direction. The stress ratio (F) concentrates
at low value (mainly less than 0.3), where F ¼ (s2s3)/(s1s3) and
s2 is the intermediate principal stress. Thus, the E-W shear frac-
tures and the NE-SW shear fractures are conjugate fractures that
were formed by same stress ﬁeld having nearly ENE-WSW uniaxial
compression.
The extension fractures have associated with plumose struc-
tures on the plane (Fig. 6e). The extension fractures terminate
against shear fractures, and the fracture nucleation points are
recognized on the ﬂoor of the excavation (Fig. 6f). The extension
fractures are classiﬁed into two sets (Fig. 7d). The ﬁrst set is char-
acterized as NW-SE to N-S striking fractures, dipping moderately
westwards, and is parallel to the bedding planes. On the other hand,
the second set strikes E-W and dips steeply north or south, and this
set is parallel to the E-W shear fractures (Fig. 7d).4. Fracture formation mechanism
Stress redistribution during excavation produces EDZ fractures
(Bossart et al., 2002; Tsang et al., 2005). It has been reported that
they are not only extension fractures but also shear fractures
(Bossart et al., 2002). The orientations and shear senses of shear
fractures obtained from the Pumping Drift correspond to that of
fracture mapping of the borehole investigation carried out before
the excavation (Tokiwa et al., 2009). Thus, the observed shear
fractures are not EDZ fractures but pre-existing fractures.
One possibility is that E-W shear fractures and NE-SW shear
fractures are conjugate set that is formed in same stage under
a same stress ﬁeld with nearly uniaxial compression, although E-Whe ﬂoor of the ENE-WSW oriented Pumping Drift.
Figure 6. Photographs (a and b) showing slickenlines and slickensteps on shear fractures. Photographs (c and d) showing the relationship between E-W shear fractures and NE-SW
shear fractures. Note that E-W shear fractures are cut by NE-SW shear fractures. Photographs (e and f) showing extension fractures. Note that extension fractures are associated with
plumose structures on the fracture planes.
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tures. On the other hand, extension fractures were not recognized
in the borehole investigation carried out before the excavation of
the Pumping Drift (Tokiwa et al., 2009). In addition, nucleation
points of the extension fractures can be recognized from plumose
structures on the ﬂoor of the excavation. Therefore, the extension
fractures were induced by excavation, and are considered as EDZ
fractures.
These EDZ fractures are not controlled by orientation of exca-
vation. They are parallel to the bedding planes and/or E-W shear
fractures, indicating their relation with weak planes. It has been
reported that the bedding planes are preferential planes of weak-
ness in the formation of EDZ fractures (Bossart et al., 2002; Gibert
et al., 2006). It is well known that an extension fracture plane (or
a potential extension fracture) is perpendicular to the minimum
principal stress (s3) and parallel to the maximum principal stress
(s1; e.g., Twiss and Moores, 2007). On the basis of previous studies,
the Horonobe area has been situated in an E-W compressivetectonics since 2 to 3 Ma by eastward movement of the Amurian
Plate with respect to the Okhotsk Plate, and had been situated in
the tectonic setting where s1 and s3 were oriented E-W and N-S in
the early stage of E-W compressive tectonics, respectively
(Fukusawa, 1987; Ogura and Kamon, 1992; Ito, 1999). It is highly
likely that the weak planes striking E-W might be related to this
tectonic setting. Thus, it is considered that E-W striking EDZ frac-
tures were formed along the weak plans inferred from the tectonic
setting. In addition, EDZ fractures are also related to the pre-
existing fractures because they are terminated against shear frac-
tures. However, the identity of pre-existing E-W weak planes
remains to be solved.
These results indicate that the fracture formation process
before and after excavation of gallery is as follows. In the ﬁrst stage
(before excavation), weak planes striking E-W and dipping steeply
north or south were formed under the E-W compressive stress ﬁeld
(Fig. 9a). In the second stage (also before excavation), shear frac-
tures were formed under the ENE-WSW compressive stress ﬁeld
Figure 7. Equal-area lower-hemisphere projections showing bedding, shear fractures and extension fractures. Left and right stereonets in (a), (b) and (d) show poles, and the
density contour of each plane, respectively. Stereonet (c) shows the shear sense of shear fractures based on slickenline orientation.(Fig. 9b). The E-W shear fractures were formed earlier because of
existence of E-W weak planes before formation of NE-SW shear
fractures in this stage. In the third stage (after excavation), EDZ
fractures were formed using weakness planes consisting of E-W
weak planes and bedding planes by stress release due to excavation
(Fig. 9c).
As mentioned above, even for excavations in soft sedimentary
rocks, formation mechanism of the EDZ fractures is controlled by
pre-existing fractures and weak planes such as bedding and
transgranular cracks etc. The hydraulic conductivity in the EDZ is
higher than that in the undeformed host rock (Bossart et al., 2004;
Levasseur et al., 2010). The EDZ along repository galleries and shafts
may be critical path of the radionuclide from the repository to the
biosphere. Thus, it is essential to understand the characteristics of
EDZ for the safety assessment of the disposal of the high-level
radioactive waste. The results from this study will contribute
greatly to comprehensive understanding of the EDZ.Figure 8. Stress states detected by the multiple inverse method. Symbols indicate the
stress state on paired, lower-hemisphere, equal-area projections. The combination
number k ¼ 5 and enhance factor e ¼ 8 (for details of these parameters, see Yamaji,
2000).
Figure 9. Conceptual models showing the fracture formation process before excava-
tion (a and b) and after excavation (c) on the ﬂoor of the gallery. Weak planes (a) were
formed in the ﬁrst stage. Shear fractures (b) were formed in the second stage. EDZ
fractures (c) were formed along weak planes at the last stage.
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In this study, detailed fracture mapping was carried out on the
gallery ﬂoor for understanding the formation mechanism of frac-
ture induced by excavation of the gallery in the soft sedimentary
rocks. The mechanism can be summarized as follows:
1. Fractures observed on the gallery ﬂoor can be divided into pre-
existing fractures (shear fractures) and EDZ fractures (exten-
sion fractures).
2. EDZ fractures are not controlled by orientation of the excava-
tion, and can be classiﬁed into two sets by focusing on their
orientation. The ﬁrst set strikes NW-SE to N-S and dips slightly
westward, and are parallel to the bedding plane. The second set
strikes E-W and dips steeply north or south. This fracture set is
parallel to the E-W shear fractures and weak planes inferred
from the paleo-stress ﬁeld. These EDZ fractures are terminated
against the pre-existing shear fractures.
3. In the excavations of the soft sedimentary rocks, formation
of the EDZ fractures is controlled by pre-existing fractures and
weak planes including bedding and transgranular cracks.
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